Water hyacinth (Eichhornia crassipes [Mart.i Solms) plants were grown in environmental chambers at ambient and enriched CO2 levels (330 and 600 microliters CO2 per liter). Daughter plants (ramets) produced in the enriched CO2 gained 39% greater dry weight than those at ambient C02, but the original mother plants did not. The CO2 enrichment increased the number of leaves per ramet and leaf area index, but did not significantly increase leaf size or the number of ramets formed. Flower production was increased 147%. The elevated CO2 increased the net photosynthetic rate of the mother plants by 40%, but this was not maintained as the plants acclimated to the higher CO2 level. After 14 days at the elevated C02, leaf resistance increased and transpiration decreased, especially from the adaxial leaf surface. After 4 weeks in elevated as compared to ambient CO2, ribulose bisphosphate carboxylase activity was 40% less, soluble protein content 49% less, and chlorophyll content 26% less; whereas starch content was 40% greater. Although at a given CO2 level the enriched CO2 plants had only half the net photosynthetic rate of their counterparts grown at ambient C02, they showed similar internal CO2 concentrations. This suggested that the decreased supply of CO2 to the mesophyll, as a result of the increased stomatal resistance, was counterbalanced by a decreased utilization of CO2. Photorespiration and dark respiration were lower, such that the CO2 compensation point was not altered. The photosynthetic light and CO2 saturation points were not greatly changed, nor was the 02 inhibition of photosynthesis (measured at 330 microliters CO2 per liter). It appears that with CO2 enrichment the temporary increase in net photosynthesis produced larger ramets. After acclimation, the greater total ramet leaf area more than compensated for the lower net photosynthetic rate on a unit leaf area basis, and resulted in a sustained improvement in dry weight gain.
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For many plants, especially those with C3 photosynthesis, an increase in CO2 produces an increase in net photosynthetic rate (9) . This is largely attributable to the elevated CO2 competing with 02 to promote the activity of RuBP carboxylase but inhibit that of RuBP oxygenase (30) . Although there are notable examples where these short-term increases in photosynthetic efficiency are directly extrapolated into long-term growth improvements (6, 22, 28, 33) , this is not always the case (20, 21, 24) . Many plants exhibit some form of acclimation to high CO2, such that the initial increase in net photosynthesis is moderated or even lost, and the expected gains in productivity are not realized (10, 16, 25) . The nature of this acclimation has not been fully elucidated, and it differs among species and developmental stages (1 1, 13, 21). It does not seem to affect directly the competitive interaction between CO2 and 02 for fixation by RuBPCase,2 but may be mediated by more indirect effects, such as increased stomatal resistance or starch production (7, 13, 17) .
This study was designed to evaluate the photosynthetic and growth responses of water hyacinth to CO2 enrichment and to characterize the nature of any acclimations. Water hyacinth is a fresh-water aquatic angiosperm usually occurring as a floating plant, with its roots submersed but its leaves completely aerial. It is most likely a C3 plant (23) . Unlike submersed macrophytes which are shade plants (3), water hyacinth leaves growing in exposed locations can utilize full sunlight for photosynthesis (23) . Despite C3 characteristics, water hyacinth exhibits prolific growth in tropical and subtropical regions, with an annual biomass production of up to 250 tonnes dry weight ha-' (2) , and it is now regarded as one of the foremost aquatic weed problems in the world ( 14) . However, because of its ability to scavenge nutrients from water and its high biomass production rate, it has been used experimentally in secondary waste-water treatment facilities, and also as a biomass source for methane generation (18) . For use as an energy crop, besides its high productivity, waterhyacinth has the advantages that it is not a food commodity and it does not compete for land space with agricultural food and fiber production.
Given that methane digesters produce CO2 as a by-product, together with the predicted doubling of atmospheric CO2 levels in the next century, it was of interest to determine both shortand long-term effects of a relatively small CO2 enhancement (doubling of atmospheric levels) on the growth of this plant. The data presented here indicate that significant and sustained dry weight increases are attainable, even though the plant exhibits several acclimations to CO2 enrichment which result in a reduced net photosynthetic rate on a unit leaf area basis. (31) .
MATERIALS AND METHODS

RESULTS
Water hyacinth grown under enriched-CO2 conditions (600 ,ul CO2 L-') showed a 32% increase in dry matter production as compared to the plants grown at ambient CO2 levels ( Table I) . Most of this increase was due to an increase in ramets. The dry matter production of the ramets from the enriched-CO2 treatments was 39% greater than that of the ambient grown ramets, but the mother plants showed little difference ( Table 1 ). The dry weight of the individual ramets was significantly greater in the enriched-CO2 treatment, but the number of ramets produced per m2 did not change (Table I) . There was also a large increase in the number of flowers formed in the enriched-CO2 treatment (Table I) .
As shown in Table II , the number of leaves and the leaf area per plant increased under the elevated C02, resulting in a 46% increase in the total leaf area index. However, the area of individual leaves exhibited only a slight increase. The dry weight per g fresh weight was higher in ramets from the enriched-CO2 treatment, as was the starch content of the leaves (Table III) ; but both soluble protein and Chl were substantially decreased by the CO2 enrichment (Table III) .
Net photosynthetic rates of the enriched-CO2 and ambient grown leaves, measured at 330 ,l CO2 L-', saturated at a quantum irradiance of approximately 900 and 1100 ,umol m-2 s-' (400-700 nm), respectively. Light compensation points of 16 and 14 qmol m-2 s-' (400-700 nm), respectively, also were comparable ( Fig. 1 ). Net photosynthetic rates of the enriched-CO2 grown leaves, when measured at 330 ,ul CO2 L-', were considerably less at all irradiances than those of the ambient grown plants (Fig. 1) . With respect to external CO2 concentration, the light-saturated net photosynthetic rate of the mother plants at the start of the experiment was saturated at approximately 1100 Al CO2 L-'. Increasing the CO2 level from ambient to 600 ,l CO2 L-' resulted in a 42% increase in net photosynthetic rate (data not shown). Similar results were obtained at the conclusion of the experiment for the ramets produced in the growth chamber at ambient levels of CO2 (Fig. 2) . The leaves of the enriched-CO2 grown ramets required less CO2 to achieve saturation (about 800 CO2 L-'). Also, they had a lower net photosynthetic rate (expressed on a Chl basis) at each CO2 concentration than the leaves of ambient grown plants (Fig. 2) . However, when measured at the CO2 level under which they were grown, net photosynthetic rates of leaves from the enriched-CO2 and ambient growth treatments were similar (68 versus 64 ,umol mg-' Chl h-', respectively; Fig. 2 ). When net photosynthetic rates were expressed on a per unit leaf area basis (Table IV) the enriched plants showed a rate that was about half that of the ambient grown plants, measured at either growth CO2 level.
Leaves of the enriched-CO2 grown plants had lower net photosynthetic rates for a given internal CO2 concentration than their ambient grown counterparts (Fig. 3) . Calculated leaf internal CO2 levels were almost linearly related to the external CO2 level between 100 and 900 pl CO2 L' (Fig. 4) . However, for a given external CO2 concentration, leaves grown under the two (Table V) . Dark respiration rates (measured at 330 CO2 L-') of the leaves were reduced by about one-third in the enriched plants, as compared with those grown at ambient CO2 levels (Table V) .
Transpiration and total leafresistance were measured on leaves in the growth chambers throughout the experiment (Table VI) . The transpiration rate of enriched-CO2 plants declined over returned to ambient air, the leaf resistances and adaxial transpiration rates did not return to initial levels, even after several days (data not shown).
Maximum PEPCase activities measured in water hyacinth leaves were about 6 to 7% of the maximum RuBPCase values (Table VII) . RuBPCase was the primary carboxylation enzyme and its activity on a Chl basis declined by approximately 20% during growth at enriched as compared to ambient levels (Table  VII) . This decline was even more evident when the activity was expressed on a fresh weight basis. PEPCase activity showed less difference between the ambient-and enriched-CO2 grown plants.
DISCUSSION
The growth enhancement of water hyacinth due to CO2 enrichment was largely restricted to the ramets. A number of workers have reported that immature tissue is more responsive to C02 (11, 21, 28) but this cannot fully explain the current findings, since the mother plants did show a large, temporary, enhancement of photosynthetic rate when initially exposed to high CO2. Presumably, much ofthe increase in assimilate formed by the mother plants during the temporary photosynthetic rate enhancement was allocated to the ramets. The temporary rate enhancement for the mother plants in enriched CO2 did not increase the number of ramets produced, but did increase the dry weight, number of leaves, leaf area per ramet, and leaf area index.
Water hyacinth growth is indeterminate, and the major method of reproduction is vegetative by ramet production (26) . The results presented here indicate that CO2 enrichment led to an enhancement of leaf meristem initiation, rather than an enhancement of ramet-producing meristems whose numbers may be more limited. This contrasts with observations for wheat, in which tiller production is greater under elevated CO2 (29) and soybean, where dry weight increases have been attributed to greater specific leaf weights and not the initiation of new leaves or greater leaf area (6) . For some species, CO2 enrichment has been reported to delay flower production (19) . This is not the case for water hyacinth which showed a substantial increase in flower production at 600 Al CO2 L', a response similar to that reported for greenhouse-grown tomato and cucumber (33) . Thus, CO2 enrichment could increase the potential for sexual reproduction in water hyacinth, but this is still an uncertain conclusion because seed production was not determined. Seed production is not necessary for the maintenance of water hyacinth in a nonfluctuating water-body (26), as regrowth is usually initiated vegetatively by plants that have over-wintered. However, in ephemeral water bodies where vegetative material desiccates, regeneration from seed becomes important (26) .
As is commonly found with C3 plants, doubling the ambient CO2 concentration during short-term photosynthesis measurements resulted in an immediate 40 to 60% increase in the net photosynthetic rate of water hyacinth. However, the initial increase per unit leaf area of water hyacinth was not maintained. After 4 weeks, the net photosynthetic rate of the enriched plants was approximately half that of ambient grown plants when both were measured at the same external CO2 concentration. As might be anticipated from the lack of any major change in the CO2 compensation point and O2 inhibition of photosynthesis, the reduced net photosynthetic rate of the enriched-CO2 plants was accompanied by a concomitant reduction in the estimated rate From the viewpoint of using water hyacinth as an energy crop (27) , the reallocation of fixed carbon at elevated CO2 levels to favor carbohydrates, rather than protein, would be beneficial; conversely this effect would be detrimental if the plant were to be used as an animal feed supplement (18) . A similar redistribution of carbon to favor starch formation is a common phenomenon among C02-enriched plants (15, 25) .
Plants whose growth responds positively to CO2 enrichment seem to exhibit two general photosynthetic patterns. In some the net photosynthetic rate per unit leaf area is increased at the elevated CO2 and usually remains so throughout the growth cycle, although the magnitude of the response may be modified at different developmental stages (1 1, 15) . Thus, the improvement in total dry weight is largely due to a permanent increase in photosynthetic efficiency, as a result of the reduced 02 effects on RuBP carboxylase-oxygenase (30) . In these plants, RuBPCase shows little reduction in total activity by growth at up to 1000 Al CO2 L-' (11, 32) .
The more usual pattern of response to elevated CO2 is that 
